The decay mechanism of NO 3  has been determined through a combination of experiment and calculation for 7 mol dm −3 solutions of deaerated aqueous LiNO 3 and HNO 3 , in the absence and presence of hydrazine (N 2 H 4 , N 2 H 5 + and N 2 H 6 2+ ). In the absence of hydrazine, the predominant NO 3  decay pathways are strongly dependent upon the pH of the solution.
INTRODUCTION

Concentrated aqueous solutions of nitrate ion (NO 3
− ) and undissociated nitric acid (HNO 3 ) are commonly used in the nuclear industry for the dissolution of radionuclides, e.g. in spent nuclear fuel reprocessing solvent systems and in the storage of highly radioactive liquid waste. 1, 2 In these environments, NO 3 − and HNO 3 are subjected to intense multi-component radiation fields which induce radiolytic degradation. 1, 3 The direct and indirect effects of radiation lead to the formation of a number of radiolytic products, particularly nitrogen oxides (e.g. NO 3  , NO 2  , N 2 O 4 , NO 2 − , and HNO 2. ) which play a significant role in altering the physical and chemical properties of aqueous NO 3 − /HNO 3 solutions and solvent systems. 1, 3 The proportions of these nitrogen oxides are dependent upon the respective concentrations of NO 3 − and HNO 3 , and the nature of the irradiation conditions (type of radiation and its associated energy). 4 The radiolytic formation of these species can be described by the simplified reaction scheme given in Table 1 . 
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The radiolytic formation and decay of the nitrate radical (NO 3  ) is of practical importance to these nuclear applications, as it is a significant driver of chemical change, be it through the formation of secondary radiolytic products (e.g. electron transfer from inorganic species, hydrogen abstraction from saturated organic species, and radical addition to unsaturated organic species), or through the oxidation (E° = 2.45 -2.67 V NHE ) of important metal ions (e.g. uranium, plutonium and fission products). 4 Consequently, numerous pulse radiolysis and photolysis experiments have been performed to determine the radiolytic formation and decay pathways of NO 3  , a reaction scheme for which is given in Table 2 . 
MULTI-SCALE MODELLING
Multi-scale modelling was used to provide quantitative mechanistic analysis for the aforementioned experiments. The multi-scale modelling methodology is outlined in Figure 1 .
The multi-scale modelling approach relies on a combination of stochastic radiation track chemistry and deterministic kinetics models to provide a satisfactory description of the events occurring during the radiolysis of aqueous solutions. The model comprises four components which address the following four time regimes: track structure formation (< 1 femtosecond); physicochemical processes (< 1 picosecond); nonhomogeneous reaction kinetics (< 1 microsecond), and; homogeneous bulk chemistry (> 1 microsecond). The stochastic component of the multi-scale model, stages 1 to 3 in Figure 1 , uses well established radiation track structure formation and diffusion-kinetic independent reaction times models to simulate the physical and chemical processes occurring within a radiation track to a given time between the point of energy transfer up to the complete spatial relaxation of the radiation chemical track at about 1 s when the products of radiolysis can be considered to be homogeneously distributed in bulk solution. [34] [35] [36] The stochastic component of the model provides radiolytic yields representative of the experimental system concerned at a given time regime, as initial parameters to allow the calculation of the formation rates of the products of radiolysis in the deterministic model. The deterministic model for bulk homogeneous radiation chemistry, stages 3 and 4 in Figure   1 , is based upon a more extensive reaction scheme than that listed in tables 1 and 2, comprising water radiolysis reactions and reactions of NO 3 − /HNO 3 and its radiation-induced product species. 37 The chemistry is expressed as a set of coupled kinetic differential equations which were solved using the FACSIMILE software package. 38 Both the stochastic and deterministic components of the multi-scale model are based on experimentally determined physical and chemical parameters. The multi-scale modelling formalism and these parameters have been described in detail elsewhere. 37 The calculations presented in this research used stochastically calculated radiolytic yields corresponding to 10 ns after energy transfer by fast electron irradiation. The 10 ns transition point was selected on the basis of (i) being longer than the time taken for the majority significant scavenging processes to occur (i.e. more than 4 times longer than the half-lives for scavenging of e pre -/e aq -and OH  by NO 3 -and HNO 3 , respectively), and (ii) because it coincides with the experimental time period after the electron pulse width at which measurements were taken. These radiolytic yields provide the indirect effect contribution to NO 3  formation and the concentrations of the other primary radiolysis species, which in conjunction with direct effects yields were corrected for the respective electron fractions of water and NO 3 -/HNO 3 before being used as initial parameters in the deterministic model to simulate the radiolysis of deaerated aqueous NO 3 − /HNO 3 solutions to 1 ms, with time intervals of 100 ns.
RESULTS AND DISCUSSION
Absorption Spectra of NO 3  . The transient absorption spectra for NO 3  measured in this work at 100 ns for deaerated aqueous 7 mol dm −3 LiNO 3 and HNO 3 solutions is given in Figure 2 .
Both spectra show the characteristic three peaks absorption band for NO 3  ; 600, 640, and 680 nm, in agreements with previous results but with higher spectral resolution obtained by the streak camera. Comparison of the two spectra clearly shows that the absorption intensity of NO 3  from HNO 3 is significantly greater than that from LiNO 3 , thus radiolysis of concentrated HNO 3 solutions results in the formation of more NO 3  , which is in agreement with previous findings concerning direct (2) consequently their secondary chemistry has been more satisfactorily incorporated.
Hence, the higher rate constant used in our calculations accommodates for depletion of HNO 2 by secondary chemistry, and is necessary to attain good agreement at longer timescales, i.e. ≥ 400 μs.
The initial yield of NO 3  observed at ~10 ns increases dramatically with increasing HNO 3 concentration, although its decay kinetics slows leading to progressively longer lifetimes (up to milliseconds). These observations are most evident for the two extreme cases (neat 7 mol dm −3 LiNO 3(aq) and HNO 3(aq) ), a quantitative mechanistic analysis for which is given in Figure 4 . The drastic shift in the importance of NO 3  decay processes, in going from pure LiNO 3(aq) to pure HNO 3(aq) , is due to the effect of lowering pH with increasing undissociated HNO 3 concentration. As the fraction of HNO 3 increases, the pH of the system decreases leading to a greater extent of undissociated HNO 3 and HNO 2 . The implications of which are as follows:
i.
There is progressively more undissociated HNO 3 
Reactivity of NO 3
 with hydrazine. The reactivity of NO 3  with the hydrazine molecule and hydrazinium ions, was studied for four aqueous solutions containing a constant 7 mol dm 
The first term of the decay stands for the decay in the absence of hydrazine with an overall rate constant of koverall. Equation (25) 
Considering that the amount of hydrazine is larger than the NO 3  , it is possible to consider the reaction as a pseudo-first order reaction by plotting the logarithm of the absorbance of NO 3 [NH] Total < 0.07 mol dm −3 . In these conditions, the solutions consist of a mixture HNO 3 -LiNO 3 but there is no data in the literature on the acid dissociation for high concentration of nitrate ions. It was therefore decided to use an arbitrary constant value of dissociation of the nitric acid, which adjusts the free acidity data available in the literature. 39, 40 An acidity constant of 12.9 was used. From these kinetic results the value of k obs can be deduced for each acidic solution containing different concentration of total hydrazine.
The variation of k obs in function of the free acidity is shown in Figure 7 . This variation of k obs solves the equation (27) and determines the kinetic constants k N 2 H 5 + and k N 2 H 6 2+ and K a2 .
According to the observed kinetics it is found that k N 2 H 5 + = 2.9 ( 0.9) × 10 7 dm 3 mol −1 s −1 , k N 2 H 6 2+ = 1.3 ( 0.3) × 10 6 dm 3 mol −1 s −1 , and K a 2 = 10 ( 4). The value of the K a 2 in the literature is 11.2 for hydrazinium protonation which is close to that found here by measuring the kinetics in different solutions. 
CONCLUSIONS
The detailed decay mechanism of NO 3  has been determined through a combination of experiment and calculation for 7 mol dm −3 solutions of deaerated aqueous LiNO 3 and HNO 3 , in the absence and presence of hydrazine. In the absence of hydrazine, the predominant NO 3 
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